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SUMMAHY

A detailed analysis of the gas-side heat-transfer coefficient associated

with a nuclear rocket nozzle is presented. The purpose of this study was to com-

pare the predicted heat flux distributions obtained from conventional turbulent

flow correlations with those obtained from boundary-layer theory. The effects of

initial boundary-layer thickness, radial gradients of free-stream velocity, wall

temperature distribution, and nozzle geometry on predicted heat flux are consid-

ered.

The results show that the heat-flux predictions from a Nusselt number cor-

relation that comprehends radial gradients of free-stream velocity are in fair

agreement with predictions from boundary-layer theory except in regions of the

convergent section. The predicted heat-flux distribution in the convergent sec-

tion is found to be sensitive to the initial boundary-layer development. At the

throat and in the divergent section, the heat flux is found to be relatively in-

dependent of initial boundary-layer thickness. The nozzle geometry and distribu-

tion of mass flow per unit area strongly affected the heat-flux distribution.

Differences in predicted heat flux of the order of i00 percent may be encountered

in the divergent section when radial gradients of mass flow per unit area are ig-
nored and one-dimensional flow is assumed.

INTRODUCTION

Currently, there is widespread interest in the open-cycle nuclear rocket as

a propulsion device for space vehicles. A preliminary design study of nuclear

rocket nozzle cooling with hydrogen as a working fluid is presented in refer-

ence i. This study has shown that an extremely large heat flux may be expected

in the region of the nozzle throat. This preliminary analysis has also shown

that hydrogen, which is attractive as a coolant because of its high thermal con-

ductivity and large heat capacity, may have a marginal coolant capability when

used as a regenerative coolant. It is imperative_ therefore_ that, for marginal

designs_ accurate estimates of the local heat flux or the overall heat-transfer

coefficient be predictable throughout the nozzle.

The local heat flux in a regeneratively cooled rocket nozzle is largely a

function of the local gas-side heat-transfer coefficient. This coefficient is

evaluated either from empirical correlations or from considerations of the bound-



dary layer. The empirical correlations, such as those contained in references 1
and 2, are generally of the form used for fully developed turbulent flow in pipes
and, therefore, do not comprehendeffects due to pressure gradient or boundary-
layer growth.

A more fundamental approach to determining gas-side heat-transfer coeffi-
cients involves the determination of the boundary-layer characteristics. Methods
for predicting the boundary-layer development and the heat transfer for flows
with turbulent boundary layers and pressure gradients are presented in refer-
ences 3 to 5. Although the boundary-layer approach is more fundamental, it is
difficult to formulate all the boundary and initial conditions necessary to ob-
tain a solution. In the nuclear rocket, the injection of the gas into the con-
vergent section of the nozzle results in the generation of free-stream turbulence
and eddies and affects the development of the boundary layer. The free-stream
turbulence and the nature of the boundary layer can have large effects on heat
transfer (refs. 6 to 8). No information is currently available on the nature of
the flow in the convergent section of a nuclear-rocket nozzle. As a result_ it
is impossible to predict accurately the character of the boundary layer or its
initial thickness in the convergent region of the nozzle near the reactor face.

Reference 2 shows that the massflow per unit area adjacent to the boundary
layer has a strong influence on the heat-flux distribution. Large gradients in
mass flow rate per unit area in both the axial and radial directions exist in
actual nozzle flows. The radial gradients of mass flow per unit area have been
ignored in most preliminary analyses of nuclear rocket cooling. Since the
nuclear rocket cooling appears to be critical_ a more detailed analysis of the
gas-side heat-transfer coefficients appears warranted and is presented in this
report.

The method of reference 4, which is assumedrepresentative of turbulent
boundary-layer analyses has been subjected to several minor modifications and is
used herein to obtain predictions of the heat-transfer distributions. Manyof
the assumptions in this method_however_ have not been experimentally verified
for conditions applicable to a nuclear rocket nozzle. Nevertheless_ the results
should at least have qualitative significance. Heat-transfer predictions ob-
tained from the boundary-layer analysis presented herein are comparedwith ex-
perimental data from a heated-air facility in references 9 and 10. A comparison
of the predicted heat-flux distributions obtained from the boundary-layer ap-
proach and predictions obtained from conventional turbulent-flow heat-transfer
correlations is included. The qualitative effect of initial boundary-layer
thickness on the heat-transfer distribution in a nozzle is determined by compari-
son of the results obtained for various values of initial boundary-layer thick-
ness. Estimates of the errors in heat flux due to neglecting the radial gradi-
ents of mass flow rate per unit area are presented. The effect of wall tempera-
ture on heat-transfer coefficient was investigated by a comparison of the results
obtained by using various wall temperature distributions. The nozzle geometries
investigated were a Rao optimum-thrust bell-shaped nozzle and a 15° conical noz-
zle.

Cf

SYMBOLS

local coefficient of skin friction



d diameter of nozzle

h enthalpy
%

hg heat-transfer coefficient, hg - ha d _ hw

M Mach number

m molecular weight

Pr Prandtl number

p pressure

q heat flux

r radius of nozzle

s entropy

t temperature

u velocity in x-direction

X axial distance, defined to be positive in divergent section and negative

in convergent section

x distance along wall in direction of flow

y distance normal to wall
I \

y isentropic exponent_ y- __)s

A thermal boundary-layer thickness

5 velocity boundary-layer thickness

5" boundary-layer displacement thickness, defined by eq. (3b)

e boundary-layer momentum thickness _ defined by eq. (Sa)

boundary-layer shape factor_ _ = _/[e(_/8)'8/7]

viscosity

p dens ity

boundary-layer energy thickness_ defined by eq. (5c)

Subscripts :

ad adiabatic wall
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boundary-layer computation using axisymmetric PeUe distribution

isentropic free stream adjacent to boundary layer

initial value

reference condition

throat

wall

area ratio

stagnation condition

METHOD 0FANALYSIS

The heating of a nuclear rocket nozzle occurs by a combination of convective

heat transfer from the high-temperature propellant and thermal and gamma radia-

tion from the reactor face. The analysis of reference i indicates that gamma

heating is about one or more orders of magnitude smaller than the total heat

flux. The effects of thermal radiation are shown in reference i to be a strong

function of the stagnation pressure and are important only in the convergent sec-

tion of the nozzle. The heat flux due to thermal radiation in the divergent sec-

tion is about an order of magnitude smaller than in the convergent section. In

this analysis, gamma-particle and thermal radiation are neglected, and only con-

vective heat transfer is considered. In the design of coolant passages for a
nuclear rocket nozzle, however, the contribution of radiation to the total heat

flux should not be ignored.

In a nuclear rocket nozzle, the Reynolds numbers are generally sufficiently

large so that turbulent boundary layers are expected to persist throughout the

nozzle. In addition, transitional Reynolds numbers should be lower than normal

because of the free-stream turbulence created by the ejection of the hot gases

from the reactor core. It is assumed herein, therefore, that a fully developed

turbulent profile exists in the boundary layer throughout the nozzle.

The method of reference 4 for determining the compressible turbulent

boundary-layer development has been subjected to several minor modifications and

is used in this analysis. The pertinent equations and assumptions are summa-

rized, and all modifications are presented. This method (ref. 4) is based on

approximate solutions to both the integral-momentum and integral-energy equa-

tions. The integral equations for steady axisymmetric flow with an isentropic

main stream and no chemical reactions in the boundary layer become:

Momentum:

Ue + +- e =- (i)Pe dx r 2
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Energy:

where

d__+ _ ddx _x [In rOeue(hO,e - hw)]= _e_e(_o_] _ _ (2)

- Ay
PeUe \

PeUe /

CO

PeUe

The values of the boundary-layer thickness parameters are dependent only on the

variation of both the w_locity and enthalpy within the boundary layers. The in-

tegrations, therefore, need only be evaluated from the wall to the point where

neither the velocity nor the stagnation enthalpy differ from their respective

free-stream values. Hence, the thickness parameters become

/_ - )dy
Pu _i u

e = PeUe \ _Je
(3a)

_* -- (i--P-S--_dyP eUe/
(Sb)

o7" (_P_V_ 1
%o = PeUe

ho - _w

hY,,e-"_wJ_Y (Sc)

where _ = 5 if _5 <, 1 and _ = A if _6 _l° To complete the formulation

of the problem, it is necessary to specify (i) an additional relation between the

skin friction coefficient and the heat flux, (2) a wall friction relation, and

(3) enthalpy and velocity distributions through the boundary layer. Knowledge of

the inviscid flow characteristics in the layer adjacent to the boundary layer and

the axial wall enthalpy distribution will then permit solution of equations (i)

and (2) to obtain the heat-transfer distribution throughout the nozzle.

It is assumed, as in reference 4, that the boundary layer is characterized

by variations in velocity and enthalpy such that Reynold's analogy is valid and



the local skin friction coefficients are the sameas those that would exist on a
flat plate for the sameboundary-layer thickness. The relation for the Reynolds
analogy between momentumtransfer and heat transfer, as derived in reference 4,
is

Cf
qw 7-

PeUe(hO, e - hw) = i/7 (4)

where a is 0.82 for OeUe5/_e near i0 S 0.46 for PeUeS/_e near i04_ and
0.56 for PeUeS/_e near i0 S.

by
The wall friction relation, identical to that used in reference 4, is given

cf p_i/4
_-= 0.0228 (_eUe5 } (5)

where

to, e - i i] -0.60 - i(_+__ _)+- (_+__ _)0_

The velocity and enthalpy distributions through the boundary layer are required

to determine boundary-layer shape parameters. It is assumed herein that the

velocity is described by a one-seventh power-law distribution of the form

(})i17=_u (6)
Ue

The enthalpy distribution is similar to that used in reference 4. The difference

between the stagnation enthalpy and the enthalpy at the wall is also assumed

herein to vary as a one-seventh power law of the form

C_)I/7ho-
= hO,e _ hw (7)

The density variation within the boundary layer that is required to evaluate

the boundary-layer thickness parameters is determined from the static-pressure

and enthalpy distributions. The static pressure remains constant across the

boundary layer at any axial location. The static-enthalpy variation, however,

depends on the relative thickness of the thermal and velocity layers and the var-

iation of velocity and stagnation enthalpy within the boundary layer. Therefore,

by using the definition of stagnation enthalpy and equations (6) and (7)_ the

static-enthalpy variation through the boundary layer can be expressed as

he + ithe _/ n (8a)
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where

CO_ i, CI m i for y < 8 and y < A

CO- 0, CI = i for A< y < A

C O = i, Cl = 0 for 5 < y < A

The density at any point is then defined by the corresponding static pressure and

enthalpy and must be ob bained from thermodynamic tables or charts. For the spe-

cial case of constant specific heat and frozen composition, variation across the

boundary layer can be expressed as the explicit function

Pe tet Co (i _0, e/L"tw _rl _z__!i/7]< I £e)

(8b)

Equations (i) to (8a) are sufficient to describe the heat-transfer and the

boundary-layer deqelopment; however, for convenience a boundary-l_yer shape para-

meter is introduced in the energy relation (eq. (2)) (see ref. 4). Because of

this shape parameter, the energy equation is primarily dependent on the single

dependent variable _5. By using the definition of the shape factor _ and

equation (4), the energy relation (eq. (2)) becomes

(@)9/7+ d  [ eUer  (ho,e - 9 cf
s 8, = (9)

where

Before a solution can be effected, several initial conditions must be speci-

fied. Quantitative estimates of the thicknesses of the thermal and velocity

layers at the entrance of the nozzle must be made to initiate the numerical cal-

culatlons. The set of relations from which the heat-transfer and boundary-layer

development are obtained is composed of the axial distributions of temperature

and enthalpy along the wall, the coordinates of the wall, the axial distributions

of velocity, the thermodynamic properties of the invlscld fluid immediately adja-

cent to the boundary layer, and equations (i) and (5) to (9). The solution is

obtained by following the computational procedure outlined in reference 4.

CALCULATIONALPROCEDURE

The turbulent boundary-layer method presented in the previous section was

used herein to predict the gas-side heat transfer in a nuclear rocket nozzle.



The propellant considered was hydrogen. A stagnation pressure and temperature of
375 pounds per square inch absolute and 4460° R, respectively, were assumedat
the discharge from the reactor. At these conditions, very little dissociation of
the hydrogen can occur; and, therefore, a constant molecular composition was as-
sumedthroughout the expansion process within the nozzle. The method and thermo-
dynamic data presented in reference ii were used to generate the necessary prop-
erties of the gas in the expansion process. The transport properties used herein
were obtained from reference 12.

Twonozzle shapes were considered: a bell contour and a IS° conical con-
tour. The convergent sections of the two nozzles were identical. The contot_ of
the bell-shaped nozzle is shownin figure i. The length of the divergent section
(fig. i) is 88 percent of the length of a IS° conical nozzle having an equal area
ratio. An axisymmetric-characteristics solution was used to design the nozzle
contour and to determine the associated flow distribution in the divergent sec-
tion of the bell-shaped contour. The characteristics solution was based on the
optimization technique of reference 13 and used the method of reference 14 to ob-
tain the transonic initial conditions. One-dimensional flow was assumedto exist
in the convergent sections of both the bell-shaped nozzle and the conical nozzle.
The assumedflow distribution in the region of the throat in the conical nozzle
deviated from one-dimensional flow and was similar to the experimental pressure
distribution presented in reference 1S. The flow distribution in the divergent
section of the conical nozzle was assumedto be one dimensional.

Viscous computations were madewith the assumedflow distributions to deter-
mine the boundary-layer development and associated heat transfer for both noz-
zles. For the purposes of comparison, the boundary-layer computations were re-
calculated with one-dlmensional flow being assumedthroughout. The effect of
wall temperature on heat transfer was studied by considering different arbitrary
axial distributions and levels of wall enthalpy. The arbitrary axial variation
of wall enthalpy given in figure 2 and the enthalpies corresponding to constant
wall temperatures of 1000°, 1500°, and 2000° R were assumed.

It is currently impossible to predict accurately the initial characteristics
of the boundary layer near the reactor face in a nuclear rocket; however, a qual-
itative study of the effect of initial boundary-layer thickness on heat-transfer
coefficient in the region of the throat and the divergent portion of the nozzle
can be obtained by varying the initial thickness. Three arbitrary initial condi-
tions were therefore assumed. For the first set of conditions, the boundary
layer was assumedto start at the nozzle entrance with zero thickness. Immediate
transition to a fully developed turbulent profile was then assumed. For compara-
tive purposes, viscous calculations were also madeby assuming that the boundary
layer started with a fully developed turbulent profile and with initial thick-
nesses of 0.09 and 0.34 inch.

As specified in the introduction_ the results from the boundary-layer cal-
culations were comparedto conventional heat-transfer coefficient correlations.
Most correlations for rocket nozzles have the form of the conventional Nusselt
numbercorrelation for turbulent flow in a pipe. Differences in correlations are
primarily concerned with the manner in which the thermodynamicproperties are
applied, the values of the empirical coefficient and exponents involved, and the
nature of the driving energy potential. References 2 and l0 each contain a typi-
8



cal Nusselt correlation. The correlation presented in reference i0 is used
herein as the basis of comparison with the boundary-layer calculations. This
Nusselt correlation is b_sed on an entha!py driving potential and gas transport
properties based on a reference condition. The correlation therefore can be ex-
pressed as

where

O.026(Peue)O'S 0"2 I te/me I0"8
bref (i0)

hg = d0.2pr0.667 tref/mre f
ref

ciw

hg - ha d _ hw

The terms

sure and a reference enthalpy given by

i/3
1 (hw . he ) + 0.22 £rre f (ho, e - he)hre f = h e +

_ref, Prref, and tref/mre f are evaluated at the local static pres-

(Ua)

The adiabatic enthalpy term in the definition of the film coefficient is obtained

from

1/3
had = h e + rrre f (h0, e - h e ) (llb)

As in reference i0, the heat-transfer coefficient from the Nusselt correlation is

evaluated for the conditions of both one-dimensional and two-dlmensional axi-

symmetric flows.

RESULTS AND DISCUSSION

Typical Axial Variations of Heat Flux

The local heat flux varies appreciably throughout a nozzle with the maximum

flux usually appearing slightly upstream of the geometric throat. A typical

variation of heat flux, as obtained from the boundary-layer calculations, is

shown in figure 3. A relatively large heat flux is predicted only in the throat

region. This is to be expected because of the primary dependence of heat-

transfer coefficient on mass flow per unit area. This effect is discussed in the

section Effect of Flow Distribution.

The heat flux is about an order of magnitude lower in the convergent and di-

vergent sections than at the nozzle throat. The lower values of heat flux in the

convergent and divergent sections make these sections easy to coo!. When the en-

tire nozzle is regeneratively cooled, however, several situations can exist that

require accurate prediction throughout the nozzle.

First, the total heat transferred to the coolant is not small in the diver-

gent portion of a nozzle because of the large surface areas involved. The total

energy transferred to the wall per inch of coolant passage in the divergent sec-

tion may be about 25 to 50 percent of the energy transferred at the throat if the



area ratio is sufficiently large. It is possible therefore to utilize the diver-
gent section of a regeneratively cooled nozzle as a heat exchanger in a subsystem
such as the turbine drive. Errors in the prediction of heat flux in the nozzle
skirt could thus have a large effect on the expected performance of the sub-
system.

Second, in a regeneratively cooled nozzle, the temperature of the coolant at
any axial position is dependent on the total heat previously added to the cool-
ant. Thus, it is possible for errors in the prediction of heat flux in the di-
vergent section to be manifested in regions of the nozzle that are more difficult
to cool. Hence, for marginal cooling designs and for applications where the noz-
zle coolant passages are used as a heat exchanger, the total heat transferred to
the wall in the divergent section of the nozzle can be very important.

Effect of Initial BoundaryLayer Thickness

It is currently impossible to predict accurately the thickness of the veloc-
ity and thermal boundary layers at the entrance to a nuclear rocket nozzle. In
order to evaluate the effect of the initial boundary-layer thickness on heat
transfer, however, the axial distributions of heat flux in the bell-shaped noz-
zle were computedfor three arbitrary values of initial boundary-layer thickness.
A comparison of the results in the convergent section of the nozzle is shownin
figure 4. The heat-flux distribution obtained from a Nusselt correlation is also
presented. Figure _ shows that, in the convergent section of the nozzle, the
heat flux computedfrom a boundary-layer analysis is rather sensitive to the ini-
tial thickness. A difference in heat flux at the entrance of the nozzle of about
35 percent is noted in the comparison of a 0.09-inch initial thickness and a
0.34-inch initial thickness. Near the nozzle throat, the sensitivity to initial
boundary-layer thickness diminishes. A difference of only 3 percent in heat flux
is noted at the throat. Although it is impossible to predict accurately the heat
transfer in the convergent section without a knowledge of the entrance condi-
tions, meaningful predictions appear to be possible in the throat region from a
boundary-layer analysis.

The values of heat flux obtained from the Nusselt correlation given by equa-
tion (10) are lower than those obtained from the boundary-layer analysis through-
out the convergent section. These differences are due to the inability of the
Nusselt correlation to comprehendcompletely boundary-layer development effects.
Qualitatively, similar experimental results have been obtained with chemical
rockets in reference 18 where heat-transfer data are presented for a range of
contraction ratios. For the largest contraction ratio, the experimental values
of heat flux (ref. 16) were substantially higher in the chamberthan those pre-
dicted by a Nusselt correlation technique; however, due to the effects of combus-
tion and injection on the data of reference 16, no quantitative comparisons can
be madeto assess the ability of the boundary-layer approach to predict heat flux
in this case.

At the throat of a nozzle, the boundary layer is very thin and its thickness
increases with axial distance throughout the divergent section. It would be ex-
pected, therefore, that the initial boundary-layer thickness would have little
effect on the heat flux in the divergent section of the nozzle. This is substan-
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tiated by a comparison of the heat-flux distributions for various initial thick-
nesses. The effect of initial boundary-layer thickness is shownin figure 5 in a
magnified form by the deviation of the heat flux obtained with finite initial
thickness from that value obtained using an initial thickness of zero. The maxi-
mumdifference for the three cases considered is 5 percent, which occurs at the
throat. In reference 10, the effect of initial boundary-layer thickness on the
heat flux in the divergent section was studied for a different inlet geometry
and flow condition. A maximumeffect of 15 percent was observed. It appears,
therefore, that the effect of initial boundary-layer thickness on heat flux is
somewhatdependent on the characteristics of the flow at the inlet.

Effect of Flow Distribution

The local heat-transfer coefficient is largely a function of the local mass
flow per unit area peUe which is determined from the characteristics of the in-
viscid flow adjacent to the boundary layer. Two techniques are generall_ avail-
able for determining PeUe. The first is to relate peue to the mass flow rate
and local area through the one-dimensional continuity relation. This technique
is probably the most commonprimarily because of its simplicity. The second
technique is to obtain PeUe from axisymmetric calculations for the region adja-
cent to the boundary layer. In the convergent region of a nozzle, the flow is
usually very close to being one dimensional except for nozzles with very large
contraction angles. Figure 6 shows that the flow departs greatly from the one-
dimensional case in the divergent region of the bell-shaped nozzle. In the
throat region, the peak PeUe for the axisymmetric case appeared upstream of the
location of the maximumvalue for the one-dimensional case. The location of the
maximum peUe deviates from the geometric throat as a result of the _onplanar
sonic surface. In the divergent section immediately downstreamof the throat,
the axisymmetric values of PeUe are lower than the corresponding one-
dimensional values. This trend reverses, however, at an area ratio of about 4_
and the axisymmetric values of PeUe are then larger than the one-dimensional
values. The heat flux should have a similar axial distribution.

The predicted peak heat flux (fig. 3) is located at a point slightly up-
stream of the geometric throat_ this deviation is a result of both the PeUe
distribution and the axial variation of the fluid properties and boundary-layer
thickness parameters.

In figure 7 the divergent section heat-flux distributions resulting from the
one-dimensional PeUe and the axisymmetric PeUe distributions are compared.
Both the results from the boundary-layer theory and the Nusselt correlation for
each PeUe distribution are included in the comparison. From a comparison of
the results presented in figures 6 and 7_ it can be concluded that the heat-flux
distributions and the PeUe distributions follow similar trends.

The heat-flux distributions (fig. 7) are shownin figure 8 as deviations
from the heat-flux distribution obtained from the boundary-layer calculation
based on an axisymmetric PeUe distribution. Results from the axisymmetric
boundary-layer theory are significantly different from those for the one-
dimensional boundary-layer approach throughout the divergent portion af the noz-
zle. The one-dimensional results are about lO0 percent higher than the axisym-
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metric results at the axial location of the nozzle where the expansion angle is a
maximum. Near the exit of the nozzle, the axisymmetric results generally yield
heat fluxes that are muchgreater than those obtained from the one-dimensional
approach. For large exit area ratios the differences can amount to about 50 per-
cent. Similar differences exist in the comparison of results from the Nusselt
correlation with the _wo different flow distributions. Although the largest dif-
ferences in heat flux occur in regions of the nozzle where the magnitude of the
flux is not a maximum,the differences can, in certain cases_ be significant. As
previously discussed, accurate estimates of the heat-transfer coefficient in the
divergent section maybe necessary in nozzles where cooling is extremely marginal
or where the nozzle skirt is utilized as a heat exchanger.

From the comparisons presented in figure 8_ it is apparent that the two
Nusselt number correlations agree with the corresponding results from the
boundary-layer calculations to within about 20 to _0 percent. For the calcula-
tions that use axisymmetric values of DeUe, the difference in the two methods of
evaluating the heat-transfer coefficient is relatively constant throughout the
nozzle. The results from the Nusselt number correlation are about 20 percent
lower than the results from the boundary-layer calculations. Although the
Nusselt correlation approach does not include boundary-layer growth parameters,
based on an axisymmetric value of PeUe, it should be adequate in the divergent
section for preliminary cooling design of bell-shaped nozzles, if the cooling is
not critical. It maybe desirable to change the coefficient to somevalue other
than the 0.026, which was used in these calculations. The desired value will
need to be determined experimentally.

GeometryEffects

The previous discussion has been concerned with a fixed bell-shaped nozzle
contour. Any change in nozzle geometry affects the flow distribution and, hence,
results in a change in the heat flux. A correction factor for geometric scale
effects on heat transfer is derived in reference 4 for the idealized case of a
family of conical nozzles with one-dimensional flow throughout. For the more
generalized case of axlsymmetric flow in a bell-shaped nozzle_ no general geomet-
ric correction factor is known. The heat-transfer distribution for each bell-
shaped contour must be _udividually evaluated.

Whena constant area section is added upstream of the converging section of
a nozzle, the boundary-layer thickness will increase with axial length in the
constant area section. The boundary-layer thickness at the beginning of the con-
verging section would be thicker than that of the nozzle without the constant
area section. As discussed previously, the larger boundary-layer thickness at
the beginning of the converging section will result in a reduction in heat-
transfer coefficient throughout the nozzle. The heat-transfer coefficient in the
divergent section will not be as greatly affected as the coefficient in the con-
vergent section.

The effect of contraction ratio on heat flux was investigated by considering
the case where the nozzle of figure I was truncated at a contraction ratio of
4.3. The heat-flux distribution associated with the truncated nozzle is pre-
sented in figure 9 as the deviations from the results for the untruncated nozzle

12



with a contraction ratio of 15. Both heat-flux distributions were obtained from
the boundary-layer analysis in which an axlsymmetric PeUe distribution was used
and the initial boundary-layer thickness was assumedto be zero. The results
showa relatively small effect of contraction ratio throughout the nozzle except
near the entrance. Reducing the contraction ratio increased the heat flux by
about 30 percent at the entrance of the nozzle. The peak heat flux (near the
throat) was only increased by about 6 percent, however. The values at the throat
presented in figure 9 are qualitatively similar to those obtained from the theory
of reference 17_ however, this theory predicted about a 13 percent increase in
peak heat flux with a decrease in contraction ratio from 15 to 4.3. Inasmuch as
current nuclear rocket nozzles have contraction ratios of the order of 15, the
effect of contraction ratio on heat transfer should be small.

Geometric changes in the divergent section of a nozzle can drastically alter
the axial distribution of mass flow per unit area resulting also in a change in
the heat-flux distribution. The variations of heat flux in the bell-shaped noz-
zle of figure i and in a 15° conical nozzle are comparedin figure i0. The con-
vergent section and entrance conditions were held fixed in the comparison. In
addition, the wall enthalpywas held constant at a value corresponding to a wall
temperature of 2000° R. Although there was a drastic change in nozzle geometry,
figure i0 shows that the heat flux obtained from the boundary-layer calculations
retained essentially the samefunctional dependenceon massflow per unit area.
There is a maximumdifference of 12 percent between the results for the conical
and bell-shaped nozzles. Changesin pressure gradient along the wall and
boundary-layer growth l_rameters resulting from a change in the shape of the di-
vergent section of a nozzle 3 therefore, appear, on the basis of this comparison,
to have only a secondary effect on the heat flux. The predominant influence on
the heat flux is the mass flow per unit area that exists adjacent to the boundary
layer.

Effect of Wall Temperature

The effect of wall temperature or wall enthalpy on heat transfer was evalu-
ated by varying the axial distribution of wall temperature while holding all
other parameters fixed. Three levels of constant wall enthalpy corresponding to
wall temperatures of 1000o3 1500°_ and 2000° R were considered. In addition, the
axial distribution of wall enthalpy presented in figure 2 was arbitrarily assumed
to facilitate evaluation of the effects of wall enthalpy gradient. The predicted
heat fluxes associated with each wall enthalpy distribution were determined for
the bell-shaped nozzle from boundary-layer theory with an axisymmetric PeUe
distribution. The results of the comparison are presented in figure ii as axial
variations of the ratio of the predicted heat-transfer coefficient to the pre-
dicted heat-transfer coefficient obtained with a constant 2000° R wall tempera-
ture.

The axial locations where the wall temperature reached values of 1000o3
1500°j and 2000° R are indicated on the results from the case with a variable
temperature distribution. A comparison of results at these points with the re-
sults at comparable conditions for the constant wall temperatures indicates only
a 2- to 5-percent effect due to wall temperature gradient. The effect on heat-
transfer coefficient of changes in wall temperature level is shownto be much
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larger than the wall temperature gradient effects. A decrease in wall tempera-
tu_e from 2000° to 1500° R results in a predicted increase in heat-transfer co-
efficient of about l0 percent in the divergent section of the nozzle. Near the
throat and in the convergent section the resultant increase is only about S per-
cent. Similar increases in heat-transfer coefficient are noted in figure ii for
further reductions in wall temperature level.

The wall temperature effects on predicted heat-transfer coefficient pre-
sented in figure ll are largely a consequenceof the dependenceof the assumed
friction law (eq. (5)) on wall temperature. Inasmuch as little friction data are
available for the conditions pertinent to a nuclear rocket nozzle, it is diffi-
cult to judge the ability of the assumedfriction law to comprehendwall tempera-
ture effects. The quantitative predictions of the effect of wall temperature on
skin friction and, hence_ heat-transfer coefficient, may be in error. More ex-
perimental friction and heat-transfer data are therefore needed.

SUMMARYOFRESULTS

A detailed analysis of the gas-side heat-transfer coefficient associated
with a nuclear rocket nozzle is presented. Results from a boundary-layer analy-
sis and a conventional Nusselt number correlation are compared. The following
results were obtained in this investigation:

i. The effect of the initial boundary-layer thickness on gas-side heat-
transfer coefficient is large near the entrance of the nozzle but diminishes
downstreamin the convergent section. At the throat and in the divergent sec-
tion, the heat flux is relatively independent of initial boundary-layer thick-
ness. The conventional Nusselt numbercorrelations cannot be expected to give
accurate predictions of heat flux in the convergent section because the correla-
tion neglects the effects of initial boundary-layer thickness.

2. Results from the boundary-layer theory and the conventional Nusselt num-
ber correlations indicate that the local heat-transfer coefficient is predomi-
nantly a function of the local massflow per unit area. In a bell-shaped nozzlej
the mass flow per unit area and, hence, the predicted heat fluxj depart greatly
from that obtained by using techniques involving conventional one-dimensional
flow assumptions. Differences in predicted heat flux of the order of 100 percent
maybe encountered in the divergent section whena one-dimensional value of
PeUe is used instead of the axisymmetric value.

3. Heat-flux predictions from the Nusselt number correlation, based on val-
ues of PeUe at the wall, are in fair agreement with the results from the
boundary-layer calculations except in regions of the convergent section.

4. Changesin the geometry of the nozzle will change the distribution of the
mass flow per unit area and_ hence, the heat-flux distribution. Results from a
numerical comparison presented herein indicate that changes in the pressure gra-
dient along the wall and the boundary-layer growth parameters resulting from the
change in geometry appear to have only a secondary effect on the predicted heat
flux.

14



5. The axial gradient of wall temperature was found to have a 2- to
5-percent effect on predicted heat-transfer coefficient for the particular wall
temperature variation considered. A decrease in wall temperature level of 500° R
resulted in an increase of about 5 to 15 percent in predicted heat-transfer coef-
ficient. This effect of wall temperature was found to be primarily a result of
the dependenceof the assumedfriction law on wall temperature. Experimental
verification of the effect of wall temperature on heat-transfer coefficient is
therefore required.

Lewis Research Center
National Aeronautics and SpaceAdministration

Cleveland, Ohio, April 26, 1985
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